Nanocomposites of polystyrene, high impact polystyrene, acrylonitrile-butadiene-styrene terpolymer, polypropylene, and polyethylene were prepared using a methyl methacrylate oligomerically-modified clay by melt blending and the thermal stability and fire retardancy were studied. These nanocomposites were characterized by X-ray diffraction, transmission electron microscopy, thermogravimetric analysis and cone calorimetry. The results show a mixed morphology, depending on the polymer.
Introduction
Polymer clay nanocomposite formation enhances the permeability, heat distortion temperature, fire retardancy and flexural modulus of the virgin polymer, and this area has received much attention because of these improvements in the physical and mechanical properties of polymers at very low clay loading [1] , [2] .
The preparation of a nanocomposite may be accomplished either by in situ polymerisation or by blending, with melt blending the industrially preferred process. The most commonly used clays are hydrophilic aluminosilicates, while the majority of polymers are hydrophobic and thus one cannot directly melt blend polymers with the pristine clay. To enhance the interactions between the clay and polymer, the clay must be modified; the usual treatment is to ion-exchange the clay cation for an alkylammonium or phosphonium cation, which contains various substituents, at least one of which must be a carbon chain of 12 carbons or more [3] .
In order to obtain a nanocomposite by melt blending, two major factors, compatibility and thermal stability, must be considered. The modified clay must be sufficiently compatible with the polymer and must be thermally stable under the processing conditions. Many of the normal commercially available organically-modified clays begin to undergo thermal degradation near 200 °C by the Hofmann elimination reaction, which eventually leads to a proton as the counter ion of the clay [4] . In this laboratory, significant work has been done to enhance the thermal stability and compatibility of the modified clay by the generation of novel surfactants; these include a stibonium-modified clay [5] , a tropylium cation modified clay [6] , and various oligomerically-modified clays [7] , [8] , [9] , [10] , [11] , which exhibit very good thermal stability and show little, if any, degradation below 300 °C.
In this work, nanocomposites of polystyrene, PS, high impact polystyrene, HIPS, acrylonitrile-butadiene-styrene terpolymer, ABS, polypropylene, PP, and polyethylene, PE, have been prepared and characterized using a methyl methacrylate oligomerically-modified clay by melt blending and the thermal stability and fire retardancy were studied.
Experimental

Materials
Most of the materials used in this study, including methyl methacrylate, benzoyl peroxide (BPO), inhibitor removal reagent, PS (Melt flow index 200 °C/5 kg, 7.5 g/10 min, Mw = 230,000), PE (low density, melt flow index, 190 °C/2.16 kg, 7 g/10 min), PP (isotactic, melt flow index, 230 °C/2.16 kg, 0.5 g/10 min), poly(methyl methacrylate), (inherent viscosity 1.250, Mw = 996,000, Tg = 125 °C), were acquired from Aldrich Chemical Co. ABS (Magnum 275, 230 °C/3.8 kg, 2.6 g/10 min) and HIPS (melt flow index 200 °C/5 kg, 6 g/10 min) were provided by the Dow Chemical Company. The sample of 2-(dimethyaminoethyl) methacrylate was acquired from TCI America and 1-bromohexadecane was purchased from Lancaster Chemical Company. The sodium montmorollonite was kindly provided by Southern Clay Products, Inc.
Instrumentation
Thermogravimetric analysis (TGA) was performed on an SDT 2960 simultaneous TGA-DTA instrument under a flowing nitrogen atmosphere at a scan rate of 10 °C/min from 20 to 600 °C; temperatures are reproducible to ±3 °C, while the error on the fraction of non-volatile material is ±3%. Cone calorimetry was performed using an Atlas Cone 2 instrument according to ASTM E 1354 at an incident flux of 35 kW/m 2 or 50 kW/m 2 using a cone shaped heater. Exhaust flow was set at 24 L/s and the spark was continuous until the sample ignited. Cone samples were prepared by compression moulding the sample (20-50 g) into square plaques using a heated press. Typical results from Cone calorimetry are reproducible to within about ±10%. These uncertainties are based on many runs in which thousands of samples have been combusted [12] , [13] . X-ray diffraction was performed on a Rigaku Geiger Flex, 2-circle powder diffractometer at a generator tension was 50 kV at a current of 20 mA; scans were take from 2θ 1.5-10, step size 0.1, and scan time per step of 10 s. Bright field transmission electron microscopy (TEM) images of the nanocomposites were obtained at 60 kV with a Zeiss 10c electron microscope. The samples were ultramicrotomed with a diamond knife on Riechert-Jung Ultra-Cut E microtome to give ∼70 nm thick sections. The sections were transferred from the knife-edge to 600 hexagonal mesh Cu grids. The contrast between the layered silicates and the polymer phase was sufficient for imaging, so no heavy metal staining of sections prior to imaging is required.
Preparation of 2-methyacryloyloxyethylhexadecyldimethylammonium bromide
The preparation of 2-methyacryloyloxyethylhexadecyldimethylammonium bromide was accomplished by a procedure which is similar to that in the literature [14] . A 31.4 g (0.200 mol) portion of 2-(dimethyaminoethyl) methacrylate and 30.5 g (0.100 mol) 1-bromohexadecane were reacted at 50 °C in the presence of 3000 ppm of the inhibitor hydroquinone monomethyl ether in ethyl acetate for 24 h. After the mixture was cooled to room temperature, the white precipitant was filtered and washed with ethyl acetate, then it was dried in vacuum oven at room temperature for 24 h and 30.7 g product was produced. (67% yield). 
Preparation of methyl methacrylate oligomerically-modified clay with 12% clay loading (PMMA12 clay)
In a 500 ml 3-neck round bottom flask were placed 9.25 g (0.0200 mol) 2-methyacryloyloxyethylhexadecyldimethylammonium bromide (MHAB), 100 g (1.00 mol) of inhibitor-free methyl methacrylate (MMA), 11 g benzoyl peroxide (BPO) and 300 ml CHCl3. The contents of the flask were stirred until all had dissolved at room temperature under a nitrogen flow, then it was refluxed for 4 h. After this time period, the mixture was quenched by the addition of methanol and the solvent was evaporated at low temperature and pressure. The resulting solid was dissolved in THF, then precipitated by the addition of methanol; 108 g of a white solid was recovered and the molecular weight was in the range of 3300 ± 1000, based on the MarkHouwink constants for poly(methyl methacrylate).
A 16.6 g sample of the pristine sodium clay in 1000 ml distilled water and 500 ml THF was stirred at room temperature for 24 h. The oligomer prepared above, which was dissolved in 1200 ml of THF in a 2000 ml round bottom flask, was added drop-wise to the dispersed clay; a precipitate appeared immediately and the slurry was stirred at room temperature for 12 h. After the stirring was stopped, the supernatant liquid was poured off and a fresh mixture of H2O/THF (40/60) was added and the slurry was stirred again for an additional 12 h at room temperature. The slurry was filtered and the precipitate was air-dried for one day and then in a vacuum oven at 40 °C for 48 h and the modified clay was obtained. The TGA curve of this clay gave a residue of 14% at 600 °C.
Preparation of polymer clay nanocomposites
All the nanocomposites prepared in this study were melt blended in a Brabender Plasticorder at high speed (60 rmp) at 190 °C for 15 min. The composition of each nanocomposite is calculated from the amount of clay and polymer charged to the Brabender.
Measurement of molecular weight
The molecular weights were determined by intrinsic viscosity measurements using the relation [η] = 7.0 × 10 −3 Mw 0.71 in toluene at 30 °C. The viscosity average molecular weight of the polymer was 3300 ± 1000.
Results and discussion
A number of oligomerically-modified clays have been prepared in this laboratory and these clays have shown quite different efficiencies in producing nanocomposites with a variety of polymer by melt blending [7] , [8] , [9] , [10] , [11] . For example, an oligomerically-modified (styrene modification) clay (COPS clay) can be directly used to prepare exfoliated and intercalated nanocomposite of PS, HIPS, ABS, PE, PP and PMMA by melt blending [10] , [11] , while a methacrylate-modified clay (MAPS clay) did not show compatibility with any of these polymer, including methyl methacrylate [11] . In this study, we use 2-methyacryloyloxyethylhexadecyldimethylammonium bromide and methyl methacrylate copolymer modified clay, herein labelled as PMMA 12 clay. The scheme for the formation of this oligomeric salt is shown in Fig. 1 . The aim of this study is to see if the compatibility between a variety polymers and the clay is improved relative to the previous (MAPS) methacrylate-modified clay. Fig. 1 . The reaction route for the formation of the PMMA12 oligomer.
X-ray diffraction (XRD) characterization of the nanocomposites
The changes in the inter-layer spacing of the clay upon the formation of a nanocomposite can be monitored by X-ray diffraction, XRD. If one sees a decrease in 2θ this indicates an increase in the d-spacing, which implies the formation of intercalated structure; if no peak can be seen, either a delaminated nanocomposite or a disordered microcomposite can be inferred. Fig. 2, Fig. 3, Fig. 4, Fig. 5, Fig. 6 show the XRD traces for the PMMA12 clay and its nanocomposites. One can clearly see a very broad diffuse peak with the PMMA12 clay, possibly suggesting a mixed intercalated/delaminated structure and no peaks are evident for any of the polymer nanocomposites, which could mean that either a delaminated nanocomposite has been formed or a microcomposite, with a disordered clay structure, is obtained. Fig. 2 . XRD traces for PMMA12 clay and its PS nanocomposites. The numbers in the legend refer to the amount of inorganic clay that is present. Fig. 3 . XRD traces for PMMA12 clay and its HIPS nanocomposites. The numbers in the legend refer to the amount of inorganic clay that is present. Fig. 4 . XRD traces for PMMA12 clay and its ABS nanocomposites. The numbers in the legend refer to the amount of inorganic clay that is present. Fig. 5 . XRD traces for PMMA12 clay and its PP nanocomposites. The numbers in the legend refer to the amount of inorganic clay that is present. Fig. 6 . XRD traces for PMMA12 clay and its PE nanocomposites. The numbers in the legend refer to the amount of inorganic clay that is present.
TEM characterization of nanocomposites
One cannot rely on XRD results alone to determine the type of nanocomposite that has been formed, especially when peaks are absent in XRD traces. In such a case, other techniques must be employed to identify the type of nanocomposite. Transmission electron microscopy, TEM, is the most commonly used technique and it can provide an actual image of the clay layers and permits the determination of the quality of the nano-dispersion (from the low magnification image) and the registry of the clay layers (from the high magnification image). Fig.  7, Fig. 8, Fig. 9, Fig. 10, Fig. 11 show the TEM images for polymer nanocomposite at both low and high magnifications for all systems that have been studied. There is a miscibility problem associated with the combination of PMMA with some of the polymer and this is reflected in the TEM images. The left-hand picture shows the low magnification image and there is good dispersion of the clay in PS and HIPS but this is not found in the cases of ABS, PP or PE, which may be due to the immiscibility of PMMA with these polymers. In the high magnification (on the right-hand side), one can see both tactoids and individual clay layers with polystyrene, while distinct clay layers are nicely distributed and delamination is apparently essentially complete with HIPS. For ABS and PP only tactoids can be seen in the high magnification image while some individual clay layers are apparent in the PE system. It is reasonable to describe the PS nanocomposite as a mixed intercalated/exfoliated nanocomposite, the HIPS nanocomposite as delaminated, ABS and PP as microcomposites and PE as a mixed immiscible/delaminated system. Fig. 7 . TEM image at low (left) and high (right) magnification for PS melt blended with PMMA 12 clay (3% inorganic clay). Fig. 8 . TEM image at low (left) and high (right) magnification for HIPS melt blended with PMMA 12 clay (3% inorganic clay). Fig. 9 . TEM image at low (left) and high (right) magnification for ABS melt blended with PMMA 12 clay (3% inorganic clay). Fig. 10 . TEM image at low (left) and high (right) magnification for PP melt blended with PMMA 12 clay (3% inorganic clay). Fig. 11 . TEM image at low (left) and high (right) magnification for PE melt blended with PMMA 12 clay (3% inorganic clay).
Thermogravimetric (TGA) characterization of the nanocomposites
The thermal stability of the PMMA12 clay and its nanocomposites were evaluated by TGA and the results are shown in Table 1 and Fig. 12, Fig. 13, Fig. 14, Fig. 15, Fig. 16 . The data includes the temperature at which 10% degradation occurs (T0.1), a measure of the onset temperature of the degradation, the temperature at which 50% degradation occurs (T0.5), the mid-point of the degradation process, and the fraction of materials which remains at 600 °C, denoted as char. It is surprising to note that neither the onset temperature nor the mid-point temperature of the degradation is increased by nanocomposite formation, since this is usually observed with styrene nanocomposites. The likely explanation is that the thermal stability of the methacrylate clay itself is not very good and thus it is unlikely that the thermal stability of the nanocomposite can be improved. 3.4. Cone calorimetric characterization of the nanocomposites Table 2 and Fig. 17, Fig. 18, Fig. 19, Fig. 20, Fig. 21 show the cone calorimetric results for the polymer clay nanocomposites. The various parameters that are available from cone calorimetry include: the times to ignition, tign, and to peak heat release rate, tPHRR; the heat release rate curve and especially its peak value, PHRR; the specific extinction area, SEA, a measure of smoke; and the mass loss rate, MLR, which usually tracks very well with changes in the PHRR. In previous work from NIST and this laboratory, it has been shown that the rate of heat release is significantly decreased for nanocomposites relative to the virgin polymers and the same reduction is seen whether intercalated or exfoliated nanocomposite are produced while a microcomposite does not show a reduction in PHRR [8] , [11] . It is generally considered that the reduction in PHRR must exceed 15% to be significant and indicate that the system has a nano-dispersed morphology. From the data one can see that there is a substantial reduction in the peak heat release for all polymer systems. As expected the mass loss rate drops and the amount of smoke is slightly increased. Compared with the previous study [10] , [11] on MAPS clay nanocomposites, PMMA12 clay nanocomposites show an increased reduction in the peak heat release and these values are close to those typically observed for a well-dispersed polymer nanocomposite. This is an indication that very good nano-dispersion throughout the polymer matrix has been achieved by melt blending, even though the TEM results do not show good nano-dispersion in all cases. The problem with the interpretation of TEM data is that it typically represents a snapshot of an extremely small portion of the total material; if this may be assumed to be representative of the whole, then it is a good description. In many cases, a bulk measurement, either some rheological property or cone calorimetry, may give a better indication of the actual morphology of the material. 
Conclusions
A methyl methacrylate oligomerically-modified clay can be used to prepare nanocomposites of polystyrene and high impact polystyrene but only microcomposites are obtained with ABS, polypropylene and polyethylene, as determined by XRD and TEM. On the other hand, when evaluated by cone calorimetry, the nano-dispersion appears to be very good in all cases, which suggests that the most commonly used combination of XRD and TEM may not be the best way to determine the extent and type of nano-dispersion and suggest that some bulk measurement is needed for this purpose.
